The Standard Model provides an excellent description of the observables measured at high energy lepton and hadron colliders. However, measurements of the forward-backward asymmetry of the bottom quark at LEP suggest that the effective coupling of the righthanded bottom quark to the neutral weak gauge boson is significantly different from the value predicted by the Standard Model. Such a large discrepancy may be the result of a mixing of the bottom quark with heavy mirror fermions with masses of the order of the weak scale. To be consistent with the precision electroweak data, the minimal extension of the Standard Model requires the presence of vector-like pairs of SU (2) doublet and singlet quarks. In this article, we show that such an extension of the Standard Model is consistent with the unification of gauge couplings and leads to a very rich phenomenology at the Tevatron, the B-factories and the LHC. In particular, if the Higgs boson mass lies in the range 120 GeV < ∼ m h < ∼ 180 GeV, we show that Run II of the Tevatron collider with 4-8 fb −1 of integrated luminosity will have the potential to discover the heavy quarks, while observing a 3-σ evidence of the Higgs boson in most of the parameter space.
Introduction
In the absence of direct evidence for physics beyond the Standard Model (SM), precision electroweak tests are the best way to get information about the scale and nature of a possible breakdown of the SM description. While the SM has held firm in the face of a great number of precision electroweak tests, the model has not emerged completely unscathed. Fits of the SM to electroweak data show about a 2.5-σ deviation in the b-quark forward-backward asymmetry (A b F B ) [1] , and this situation has not improved much in the last five years. This discrepancy is important for two reasons. On one hand, it seems to indicate a significant deviation of the coupling of the right-handed bottom quark to the Z-gauge boson (see, for example, Ref. [2] ). On added in vector-like pairs, these can have gauge-invariant Dirac masses, and the model is free of anomalies. This is a minimal set of mirror quarks needed to improve the fit to electroweak data.
The Yukawa and mass couplings of the mirror quarks are taken to be
where
is the usual third generation SM quark doublet, and Φ = φ + φ 0 is the Higgs doublet. This is the most general set of renormalizable couplings provided the mirror quarks couple only to each other and to the third SM generation.
1 As pointed out in [6] , the Yukawa couplings y b , y 3 and y 4 are constrained to be much smaller than y 2 . Adjusting the ratio ( 200 GeV is needed to explain why mirror quarks have not yet been observed. On the other hand, there are no strong constraints on y 5 , which mixes the exotics and therefore has only a small effect on the SM sector of the model. Following [6] , we will mostly neglect y 5 for simplicity, altough we will comment on the effects of this coupling whenever they are relevant. This paper consists of seven sections. In Section 2 we examine the running of the gauge couplings and their unification at a high scale. In section 3 we discuss the issue of flavour mixing as well as the quark couplings to the neutral and charged weak gauge bosons, and the Higgs. Section 4 consists of an investigation of the Higgs phenomenology in the model. In Section 5 we review the current limits on exotic quarks and investigate the possibility of finding mirror quarks at the Tevatron. In Section 6 we examine how the new types of flavour mixing possible with mirror quarks can affect CP violation in B → φK s decays. Finally, Section 7 is reserved for our conclusions.
Unification of Gauge Couplings
The idea that the low energy gauge forces proceed from a single grand unified description is a very attractive one, and is supported by the apparent convergence of the weak, hypercharge and strong couplings at short distances. The interest in low energy supersymmetry, for instance, has been greatly enhanced by the discovery that the value of the strong coupling, α s (M Z ), can be deduced if one assumes that the gauge couplings unify at a high scale. This prediction depends on model-dependent threshold corrections at the GUT scale, but to within the natural uncertainty in these corrections [7] , the predicted value of α s (M Z ) is perfectly consistent with the values measured at low energies. In the Standard Model, instead, the assumption of gauge coupling unification leads to a prediction for α s (M Z ) that differs from the measured value by an amount that is well beyond the natural uncertainties induced by threshold corrections.
In [6] it was noted that, to one-loop order, adding mirror quarks of the type considered here to the SM greatly improves the prediction of α s (M Z ) based on the assumption of gauge coupling unification. We extend this analysis by including the two-loop contributions to the gauge coupling beta functions and the low-scale threshold corrections. Since, for the consistency of this study, the Higgs sector must remain weakly-coupled while the Higgs potential should remain stable up to scales of the order of the unification scale, M G , we also investigate the related issues of stability and perturbative consistency of the Higgs sector.
In extrapolating the low energy description of the theory to short distances, it is important to remark that the Beautiful Mirror model [6] does not provide a solution to the hierarchy problem. Therefore, a main assumption behind this extrapolation is that the physics that leads to an explanation of the hierarchy problem does not affect the connection of the low energy couplings to the fundamental ones. An example of such a theory construction is provided by warped extra dimensions [8] , and has been investigated by several authors [9] - [11] . In order to preserve the good agreement with the precision electroweak data, the Kaluza-Klein modes must be heavier than a few TeV in this case [12] , and therefore the low energy physics analyzed in the subsequent sections will not be affected. On the other hand, extra dimensions could modify the proton decay rate in a significant way by introducing new baryon number violating operators, and, in the case of warped extra dimensions with a Higgs field located in the infrared brane, would make the issue of the running of the Higgs quartic coupling an irrelevant one. For the rest of this section, we shall proceed with a pure four dimensional analysis of the evolution of couplings and of the proton decay rate.
Input Parameters and Threshold Corrections
We have investigated the running of these couplings numerically. The initial values MS scheme values were taken from [18] :
These parameters correspond to the effective SU(3) c × U(1) em theory with five quarks obtained by integrating out the heavy gauge bosons and quarks in the full SU(3) c ×SU(2)×U(1) Y theory at scale M Z . Threshold corrections to the gauge couplings arise in the process of matching the theories. We defineα
Then the gauge couplings at M Z are given by
where the ρ l terms represent threshold corrections. To one-loop order, these are [7] 
where the sums run over ζ = t, χ, ω, ξ. As shown in [6] , the tree-level masses of the mirror quarks are given by
y 2 . These parameters are not completely independent. As explained above, Y 2 ≃ 0.7 M 1 [6] gives the best fit to electroweak data, while M 2 , M 1 200 GeV are needed to explain why these exotics have not yet been observed at the Tevatron [19] (see section 5). Figure 1: Range of α s consistent with a 1% unification of the gauge couplings plotted against the unification scale M G .
Numerical Evolution
The unification of gauge couplings was investigated by fixing sin 2 θ w (M Z ) and α em (M Z ) according to their measured values, and varying α s (M Z ) until the gauge couplings unified to within 1%. GUT-scale threshold corrections were not considered. Figure 1 shows the range of α s (M Z ) obtained in this way for 250 GeV ≤ M 2 ≤ 1000 GeV and all values of λ(M Z ) and y 2 (M Z ) consistent with unification. (See the following section.) The range is plotted against the unification scale. In general, the unification is quite insensitive to the input values of M 2 , λ, and y 2 . The scale of unification is quite high, M G = (2.80 ± 0.15) × 10 16 GeV, depending on the input values, at which point the unified gauge coupling constant has value α −1 G = 35.11 ± 0.05. The predicted range of the strong gauge coupling is in excellent agreement with the values measured experimentally. This agreement is quite intriguing since the particular completion of the Standard Model considered in this work is motivated by data and not by any model building consideration. We shall not attempt to construct a grand unified model leading to the appearance of the mirror quarks considered here in the low energy spectrum. Instead, we will concentrate on additional issues regarding the renormalization group evolution of the dimensionless couplings of the theory, as well as on exploring general features of the low energy phenomenology of this particular extension of the Standard Model.
Stability and Non-Triviality of the Higgs
If the extrapolation of the model up to high scales is to be self-consistent, it should remain stable and weakly-coupled up to the unification scale. The only source of trouble in this regard is the Higgs self-coupling λ. Stability of the Higgs sector requires λ(Q) > 0, for all Q < M G while perturbative consistency means that λ must not be too large. For concreteness we demand 2 that 0 < λ < 2 up to 10 17 GeV. This is sufficient to guarantee that the effective potential is similarly well behaved [20] . The evolution of λ is largely determined by the initial values of y 2 and λ. Only for a small subset of initial values does λ remain well-behaved (i.e. 0 < λ < 2) up to M G . This subset is shown in Figure 2 , where we have written λ in terms of the (tree-level) Higgs mass, and Y 2 in terms of m χ assuming Y 2 = 0.7M 1 [6] .
We compare the allowed region with the region favoured by precision electroweak data found in [6] . There is a small overlap between the allowed band found here and the 1-σ allowed region of [6] corresponding to 160 GeV m h 180 GeV and m χ 225 GeV (m ω 275 GeV). We show in sections 4 and 5 that these mass ranges will be probed by Run II at the Tevatron with 4 − 8 fb −1 of data.
Finally, we note that including the y 5 coupling (see Eq.
(1)) would tend to displace the shaded region in Figure 2 downwards, slightly increasing the preferred range of Higgs masses. This is because, to one loop order, the beta functions are modified as y 
Proton Decay
Grand unified models induce baryon number violating operators that lead to a proton decay rate that may be observable in the next generation of proton decay experiments. The present bounds on the proton lifetime [21] already put relevant bounds on grand unified scenarios. In four dimensional supersymmetric grand unified models, for instance, dimension five operators may easily induce a proton lifetime shorter than the present experimental bound [22] . This situation may be avoided by a suitable choice of the low energy spectrum [23] . Heavy first and second generation sfermions and light gauginos are preferred from these considerations. In the model under study there are no dimension-five operators, so the dominant decay mode is expected to be p → π 0 e + . The high unification scale obtained above means that the proton will be long-lived regardless of the details of the unification mechanism. If proton decay proceeds via SU(5) gauge bosons, the decay rate is given by [24] 
where f π = 0.131 GeV is the pion decay constant, D = 0.81 and F = 0.44 are chiral Lagrangian factors, α N is a coefficient related to the π 0 p operator matrix element, and A L and A R are correction factors due to the running of the couplings. A recent lattice-QCD calculation gives [25] |α N | = 0.015(1) GeV 3 , where the uncertainty is purely statistical. The systematic uncertainty is probably much larger; we take it to be ∼ 50% [23] . The correction factors A L,R split into long and short distance pieces:
, where A l comes from the renormalization group evolution below M Z and A L,R i from that above. Here, A l ≃ 1.3 is identical to the SM value, while the short distance pieces, to one-loop order, are [26] 
≃ 1.14,
Using M G = 2.8 × 10 16 GeV, and α
well in excess of the Super-Kamiokande bound of τ (p → π 0 e + ) = 5.3 × 10 33 yrs [21] .
Flavour Mixing
Extending the matter content of the SM also introduces new sources of flavour mixing. With mirror quarks, this pattern can be quite complicated, involving right-handed couplings to the W, and tree-level flavour-changing couplings to the Z and the Higgs. We consider first the generic case, taking the most general set of Yukawa and mass terms possible. Next, we simplify our results making use of the fact that, in the model under study, the mirror quarks couple only to the third generation quarks and calculate explicitly the couplings of the heavy quarks to the weak gauge bosons and the Higgs. In subsequent sections we shall use these results to investigate the Higgs phenomenology, the collider searches for mirror quarks, and CP violation in B → φK s decays.
Let λ u and λ d be the flavour-space mass matrices describing the flavour mixing between gauge eigenstates. These matrices will be 4×4 and 5×5 respectively, and will have contributions from Yukawa couplings and Dirac mass terms. Both matrices can be diagonalized by bi-unitary transformations:
where the U's and W 's are unitary, and D u and D d are the diagonalized mass matrices. The corresponding (unprimed) mass eigenstates are then related to the (primed) gauge eigenstates by the unitary transformations
Here, the indices A, B = 1, . . . 4 correspond to {u, c, t, χ}, while P, Q = 1, . . . 5 refer to {d, s, b, ω, ξ} respectively.
In terms of the physical (mass eigenstate) fields, the charged currents become
where the 4 × 5 flavour-mixing matrices are given by
The matrix V L is analogous to the CKM matrix
, where the matrix V d is defined below. The matrix V R describes right-handed couplings, and has no analogue in the SM.
Similarly, the hadronic neutral current is
where the matrices
The off-diagonal elements of these matrices describe FCNCs. Each is Hermitian and satisfies V 2 = V .
Heavy Quark Neutral and Charged Currents
The expressions above can be simplified considerably by using the fact that, in the model under study, the (gauge eigenstate) mirror quarks couple only to the quarks of the third generation (see Eq.
(1)). The mixing between the mirror quarks and the first and second generation quarks is thus very small, and so will be neglected. Moreover, the mixing between the SM quarks is given approximately by the usual CKM description. The flavour violating effects among the heavy quarks are then related to the mixing of the right-handed SU(2) quark-doublet with the third generation right-handed quarks, as well as the mixing of the left-handed SU(2) quark-singlet with the left-handed bottom-quark.
The mixing in the top sector must be very small to avoid a conflict with the B(b → sγ) predictions [27] . We shall therefore assume, for simplicity, vanishing mixing in the top sector (y 4 = 0). The top-sector mass matrix is then diagonal, with m t = v √ 2 y t and m χ = M 1 .
Following [6] we take y 5 = 0 as well. The bottom-sector mass matrix, in the basis (b
is then given by
Working to linear order in the small quantities Y b /M 1 and Y 3 /M 2 , the left-and right-handed mixing matrices are
and
Applying the mixing matrices to λ d , the b-sector masses are
To obtain a good agreement between the predictions of the model and precision electroweak data the angle in the right-handed sector must be sizeable,
whiles L should be small, sinθ L ≃ 0.09.
Note that Eq. (32) fixes s L in terms of the b mass. In this approximation, the relevant neutral currents read
Within the same approximation, the charged currents read
where we have neglected terms of order m
1 . In the above we have neglected the y 5 effects. We have verified that even large values of y 5 produce a negligible effect in the relevant right-handed Zbb coupling, while inducing only a very small change in the left-handed Zbb coupling (that can be compensated by a minor change of y 3 ), and so Y 2 /M 1 = 0.7 still gives the bit fit to electroweak data. On the other hand, since y 5 induces a mixing between the two heavy mirror quarks, the Z couplings and the mass spectrum of the mirror quarks are modified by this coupling. In particular, for non-vanishing values of y 5 there is always a mirror quark state in the b-sector with mass smaller than m
Therefore, for any given value of m χ , m 0 ω provides an upper bound on the lightest mass of the down-type mirror quarks. With Y 2 /M 1 = 0.7 and M 1 < 250 GeV as required by precision electroweak data [6] , the lightest down-type mirror quark can not be heavier than 300 GeV.
Higgs Couplings
One of the most important immediate goals of high energy physics is to understand the mechanism of electroweak symmetry breaking. In the Standard Model and its supersymmetric extensions, this symmetry is broken spontaneously through the vacuum expectation value of one or more scalar Higgs bosons. The same is true for the model under study and it is therefore quite relevant to understand the possible modification of the Higgs boson search channels at the Tevatron and the LHC.
In addition to introducing new sources of flavour mixing, mirror quarks also modify the couplings to the Higgs. The Dirac mass terms for the mirror quarks mean that the Higgsquark couplings need no longer be flavour diagonal in the basis of mass eigenstates, nor be proportional to the quark masses. We find that the coupling of the Higgs to the b quark is reduced relative to the SM. This, along with the contribution of the heavy quarks in loops, has interesting consequences for the detection of the Higgs. As in the previous section, we will assume that the mirror quarks mix almost exclusively with the third generation quarks and take y 4 , y 5 ≈ 0. This implies that the only Higgs-quark coupling that is significantly modified from the SM is that of the b-quark. The relevant terms in the Lagrangian are therefore
After symmetry breaking Φ = 1 √ 2 0 v+h in the unitary gauge. These couplings can then be
t , and
Transforming to the mass eigenstate basis, the Higgs couplings become
Using the value tan θ R = Y 2 /M 1 ≃ 0.7 favoured by the model, we find that the hbb coupling is reduced by a factor of c Let us consider the effect of the ω quark in a bit more detail. The presence of this quark in a loop connecting the Higgs to two gluons modifies the h → gg partial width. Neglecting light quark contributions, and keeping only the effects of the dominant Yukawa coupling y 2 , the partial width becomes
where the function F 1/2 (τ q ) is given by [28] 
with τ q = 4(
The corresponding expression in the SM is obtained by setting s R = 0. Since the new term interferes constructively, the effect is to increase the decay width. While the h → gg mode isn't directly observable at hadron colliders, this decay width is nevertheless important because it determines the cross-section for Higgs production by gluon fusion; σ(gg → h) ∝ Γ(h → gg), up to soft gluonic effects. The h → γγ decay width is similarly modified by an ω loop. In this case, the new contribution interferes destructively with the SM terms, the dominant parts of which come from W and Goldstone boson loops. However, the change in Γ(h → γγ) is very small for any reasonable input parameter values. Figure 3 shows the dominant Higgs decay branching ratios in the model under study. Additional NLO corrections to the h → gg mode were included as well, following [29] . Figures 4 and 5 show the enhancement of a few Higgs discovery modes relative to the SM, which is mostly due to the increase in the gluon fusion cross-section. For low Higgs masses, m h 150 GeV, there is an additional enhancement of certain modes as a result of the decrease in the h →bb branching ratio. It should be noted, however, that such low Higgs masses worsen the fit to the precision electroweak data in this model. If the Higgs mass exceeds 150 GeV the process h → V V , where V is a real or virtual vector boson, becomes the primary Higgs discovery mode at both the Tevatron and the LHC [30, 31] .
The inclusive modes are enhanced by the increase in gluon fusion, while modes in which the Higgs is produced by other means, such as vector boson fusion, are very slightly attenuated due to Higgs decays into mirror quarks.
We have checked that including y 5 has only a small effect on these results. Like the Zbb couplings, the hbb coupling is only slightly modified by y 5 . The additional mixing due to y 5 has a larger effect on the mirror quark couplings, increasing the hξξ coupling while decreasing that for hωω. These changes precisely cancel each other in Eq. (40) to the extent that F 1/2 (τ ω ) = F 1/2 (τ ξ ), which holds to within 7% for quark masses greater than the Higgs mass.
Higgs Searches at the Tevatron and the LHC
The enhancement of Higgs detection signals decreases the collider luminosity needed to find the Higgs. We have translated the above results into collider units using detector simulation results from [32, 33, 34] for the Tevatron, and [34, 35] for the LHC. Figure 6 shows the minimum luminosity per detector (with CDF and D∅ data combined) needed for a 3-σ signal at the Tevatron. Figure 7 shows the luminosity needed for a 5-σ discovery at the LHC. All channels displayed in this plot are for CMS alone except for the WW and ZZ modes, which are for ATLAS. These plots correspond to inclusive searches unless stated otherwise: V V → h → X denotes weak boson fusion channels, whiletth → X and W/Zh → X denote associated production channels. For the inclusive channels, we have assumed that gluon fusion accounts for 80% of the total Higgs production. 
Mirror Quark Collider Signals
If the model is to improve the electroweak fits, the mirror quarks must not be too heavy. In particular, this requires m χ < ∼ 250 GeV, which (using Eq. (17)) implies m ω < ∼ 300 GeV as well. On the other hand, m ξ is largely unconstrained. These relatively low masses suggest that the Tevatron may be able to see mirror quarks by the end of Run II. Previous searches for exotic quarks have concentrated on a possible fourth generation b ′ quark. In the most recent of these, CDF has put a lower bound on the b ′ mass of m b ′ > 199 GeV [19] , provided the branching ratio b ′ → bZ is 100%. This bound is relevant to our model as well.
At the Tevatron, mirror quarks are produced mostly byqq annihilation, with a smaller contribution from gluon fusion. Previous calculations of the top-quark pair-production crosssection apply to mirror quarks as well. These indicate σ≃ 3.0−0.5 pb, for m q = 200−300 GeV at the centre of mass energy √ s = 2.0 TeV [36, 37] . This is small, but comparable to the top production cross section in Run I, σt t = 6.1 ± 1.1 pb, where we have averaged the results of D∅ and CDF [18] .
The up-type χ quark is most strongly constrained in the model. It decays almost entirely by χ R → b R W due to a large tree-level right-handed W coupling, Eq. (35). This will produce a signature very similar to that of the top quark. Indeed, top quark decays present a nearly irreducible background. Searching for the χ therefore reduces largely to a counting experiment in which one compares the number of measured top events to the number expected. Searches at Run I of the Tevatron have already put interesting limits on m χ since the top production cross-section measured there agrees well with SM predictions [37] (See, however, the comments in [38] .)
In order to make a quantitative estimate of the present bound on a possible sequential top quark, we conservatively assume equal acceptance and detection rates for both χ and top events. The fraction of χ events in the top sample will be 40-10% for 200 < m χ < 250 GeV.
(In practice, the detection efficiency for χ's will be slightly better since the b-tagging efficiency improves with jet P T .) Comparing the Run I value for the top production cross-section with the theoretical prediction [37] , we get that the cross-section for any new sequential top quark should be lower than 2.9 pb, at the 2-σ level. This method, based just on counting, leads to a bound of about
This in turn implies m ω > ∼ 250 GeV, well in excess of the b ′ bound from [19] .
At Run II, the goal is to determine the top production cross section to an accuracy of 7-9% [39] with a few fb −1 of data. Assuming that this goal is achieved, and considering that the uncertainty is mostly due to systematic effects (in particular, the proper determination of the b-tagging efficiency) and therefore weakly dependent on small luminosity variations, the Tevatron Run II will be sensitive enough to rule out the presence of a sequential top quark with a mass smaller than 230 GeV. This will imply an indirect bound on m ω > 285 GeV. On the other hand, the Tevatron might see evidence of a χ quark with mass smaller than 220 GeV at the 3-σ level.
That the χ → bW vertex is (V + A), Eq. (35), makes the χ somewhat easier to find. This is because the W + 's emitted in χ R → b R W + have positive or zero helicity, whereas those from t L → b L W + have negative or zero helicity 3 . Leptons emitted by positive helicity W 's tend to be harder than those from longitudinal or negative helicity W 's. Thus, a slightly higher lepton P T cut will increase the relative acceptance of χ's, although the improvement will be small since the majority of W 's emitted are longitudinal. CDF has looked for positive helicity W 's in top decays. They find a positive helicity fraction of F + = 0.11 ± 0.15 [40] , consistent with both the SM, and a χ of mass above about 200-250 GeV, for which we predict a value of F + 0.08-0.02.
Run II at the Tevatron will also cover part of the mass range of the ω quark by direct searches for this particle. The strong ωb mixing leads to tree-level bZω and bhω vertices, Eqs. (34), (39) , with the same O(1) flavour-mixing factors. The dominant decay modes are thus ω R → b R Z, and ω → bh provided the Higgs isn't heavier than the ω. Other modes are suppressed by loops, small flavour-mixing factors, and in the case of ω → χW , phase space. Indeed, this decay is forbidden for almost all of the model parameter space consistent with precision electroweak data [6] . If the Higgs is heavier than the ω, the CDF bound applies directly toωω →bbZZ modes and constrains the ω mass to be greater than 199 GeV.
Things are more interesting if the Higgs is lighter than the ω. In this case, the ratio of the decay widths of the Higgs and Z modes is [41] 
where Figure 8 shows the branching ratios for these modes for a Higgs mass of 170 GeV. In their b ′ search, CDF looked forb ′ b ′ →bbZZ events in which 3 Correspondingly, the W − 's emitted in the charge conjugate decays have negative or zero helicity for a (V + A) vertex, and positive or zero helicity for a (V − A) vertex. We shall refer to both positive helicity W + 's and negative helicity W − 's as "positive helicity" W 's, and so on.
one Z decayed into jets while the other decayed into a pair of high transverse momentum (P T ) leptons [19] . They only accepted events in which the reconstructed mass of the lepton pair lay within the range 75-105 GeV and at least two jets were tagged as b's. For low Higgs masses, below 150 GeV, this search strategy is sensitive to both ωω → bZbZ and ωω → bZbh events, since in the latter, the Higgs decays predominantly into abb pair which mimics the hadronic decay of a Z. This also lends itself to modifying the search strategy to include four b-tags [41] .
Even more search strategies become possible if the Higgs mass exceeds 150 GeV as favoured by the model. Such massive Higgs bosons decay mostly into WW pairs (see Figure 3 ) so for instance, ωω → bZbh could be distinguished by looking for events with four jets, at least two of which are b-tagged, accompanied by a pair of high P T leptons and large missing E T . In order to estimate the possibility of observing an ω quark at the Tevatron using the CDF b ′ search strategy, we shall assume that the Higgs mass is m h = 170 GeV, and that this search strategy has no sensitivity to the ω → bh modes and a detection efficiency of 13% (as in Run I for large m b ′ ). The most important background comes from Z 0 events associated with hadronic jets. To reduce the background, one can impose a cut on the total transverse energy of the jets [19] . For m ω > 250 GeV, a cut of E T > 150 GeV will eliminate most of the background without reducing the signal in a significant way. The number of observable signal events scales with the luminosity and is approximately equal to
for an ω mass varying from 300 GeV to 250 GeV. Due to the smallness of the background, a simple requirement for evidence of a signal is that at least five events be observed. Therefore the Tevatron Run II should cover the whole mass range of the model, m ω < 300 GeV, if the luminosity is above 4 fb −1 . For a luminosity of 2 fb −1 , a signal may be observed up to masses of about 280 GeV. (34), (35) and (39)). All three of these go at tree level. Figure 9 shows the corresponding branching ratios for these decays. The ξ → bZ mode is dominant for m ξ 400 GeV, although the ξ → tW quickly becomes important above the tW -production threshold [42] . For relatively light ξ's, of mass less than 250 GeV, the search strategies are similar to those for the ω. The CDF b ′ search is thus sensitive to a light ξ. Their b ′ mass bound also applies in this case, although this limit may be weakened somewhat depending on the mass of the Higgs.
In the preceding discussion we have taken y 5 = 0. We have checked that including y 5 has only a small effect on the χ and ω decay signatures. The most significant change for these decays is that the relationship between the masses of the χ and ω quarks, Eq. (17), need no longer hold, as discussed at the end of section 3.1. The branching fractions of the ω are changed only slightly. Keeping y 5 has a larger effect on ξ decays, and tends to decrease the branching fraction for ξ → tW relative to the other modes.
CP-violation in B

0
→ φK s Decays
The value of the CP-violation parameter sin(2β) measured in B 0 → φK s decays appears to disagree with the value extracted from B 0 → J/ψK s decays: [43, 44, 45] sin(2β) = +0.735 ± 0.054;
This discrepancy is particularly interesting because the B → φK s mode is loop mediated, making it much more sensitive to new physics than the B → J/ψK s mode, which goes at treelevel. We investigate whether this discrepancy can be explained by the FCNC's which arise in the model. It is not sin(2β) that is measured directly, but rather the time-dependent CP asymmetry a CP (t). For decays of the B 0 (=bd) meson into a CP eigenstate f , this is defined to be [46] 
where ∆M is the mass difference between the mass eigenstates, and S f , C f are given by
with ξ f given by (for the B 0 d system)
In the SM, theB → φK s amplitude has the formĀ = λ t A 0 , where A 0 is CP-invariant and
The phase of λ t is very small [46] , so to a good approximation C φK = 0, and S φK = sin(2β). This result applies to the B → J/ψK s mode as well. For this reason, the values of S f measured in the φK s and J/ψK s modes are sometimes quoted as sin(2β), as we have done in (46) .
Physics beyond the SM can change the values of S φKs and S J/ψKs by adding additional CP-violating terms to the decay amplitudes. We have investigated whether the new tree-level
can explain the apparent difference between S φK and S J/ψKs . To simplify the analysis, we have assumed that the mixing of the mirror quarks with the SM quarks (other than the b) is very small. In particular, we have neglected all right-handed W couplings and all FCNC couplings other than those connecting the b and s quarks. |V sb | and |Ṽ sb | will also be treated as small parameters whose size we will bound below. These assumptions imply that the three generation CKM description of flavour mixing in the SM is correct up to small modifications, and that we can ignore the loop contributions of mirror quarks to the effective sb vertex.
Constraints from Semi-Leptonic Decays
The strongest constraints on these couplings come from semileptonic b → s modes [47] . At energies much below M Z , the SM decay amplitudes can be written as the matrix elements of an effective Hamiltonian;
where We neglect the contribution of mirror quarks to H ef f (b → sγ), since these only arise from loops, that become negligible for y 4 = 0, contrary to the dominant tree-level effects included in our analysis. The effective Hamiltonian thus becomes
In terms of η := 
Since 1 2 − 2 sin 2 θ w ≃ 0.05, to a good approximation we need only consider the shift in the C 10 A coefficients. We have examined the effect of modifying the C 10 A coefficients on the branching ratios of the inclusive B → X s l + l − mode, as well as the two exclusive B → Kl
The constraint on b → s FCNC's from the B → X s l + l − mode has been considered previously (e.g. [48, 49, 50, 51] ). We repeat the analysis for this particular model using updated experimental results. From [48] , modified to include the new (V + A) operators and neglecting lepton masses, the shift in the branching ratio relative to the SM is
, = 1 in our analysis. The measured branching ratio and the SM prediction for this mode are listed in Table 1 , as is the 2-σ allowed shift in the branching ratio based on these values.
The inclusive modes B → Kl + l − and B → K * l + l − have been considered in [50, 51] . The result for the latter mode, neglecting lepton masses, is [50] ∆B K * = (4.1
+ (0.9 Table 1 : Experimental results and SM predictions. All errors were combined in quadrature, and the SM predictions were averaged over µ and e modes. Table 1 lists the experimental results, the theoretical SM prediction, and the corresponding 2-σ allowed range for ∆B K * .
For the B → Kl + l − mode, the shift in the branching ratio is [50] 
where τ B = 1.60 ± 0.05 ps is the total B lifetime, and I is an integral of form factors. Explicitly,
, and
We have evaluated the integral I numerically using the form factors in [51] , and find I = (0.056
−0.09 ). Again, table 1 lists the relevant input data. Figure 10 shows the η and η ′ values consistent with all three semileptonic decay mode constraints taken at the 2-σ level. Note that points within the two regions are correlated. 
Range of S φK
As for the semi-leptonic modes, the non-leptonic B → φK s decay amplitude can be written in terms of an effective Hamiltonian. In the SM, this is given by [57] 
CKM are products of CKM factors, Q i (µ) are four-fermion operators, C i (µ) are the Wilson coefficients, and µ is the renormalization scale. 4 The operators Q 1 , Q 2 , Q 3 , . . . Q 6 , and Q 7 . . . Q 10 are the usual SM current-current, QCD penguin, and electroweak (EW) penguin operators respectively, as defined in [57] . Note that the four-quark operators Q 9 and Q 10 are different from the semi-leptonic operators Q 9 V and Q 10 A considered above.
If we include the FCNC couplings from the mirror quarks, the tree-level contribution to 
For the (V + A) operators, C
SM i
′ (M W ) = 0, while the FCNC contribution gives
with all others zero.
The RG evolution of these operators proceeds much like in the SM since the (V − A) and (V + A) operators evolve independently. The anomalous dimension matrix that determines running of both the (V − A) and the (V + A) operators is the same as in the SM. This follows from our definition of the (V + A) operators, and the fact that these are renormalized by parityinvariant gauge interactions. We calculated the Wilson coefficients at scale µ = 2.5, 5.0 GeV at one-loop order in both the QCD and QED corrections using the results of [58] . To this order, the corresponding initial values of the Wilson coefficients are taken at tree-level in the QCD corrections, although we have included the one-loop electroweak corrections which give a large contribution to C 9 (M Z ). (This agrees with the conventions of [57, 58, 59] .)
Hadronic matrix elements for the B → φK s transition at scale µ = 2.5, 5.0 GeV were estimated using factorization. Following [60, 61] , the amplitude is given by
is a CP-invariant product of form factors and constants, and the a i are functions of the Wilson coefficients. To leading order, they are [60] :
, and a 2i = C 2i + 1 N ef f C 2i−1 , where N ef f is an effective number of colours. In writing (61), we have neglected annihilation contributions. While these may be significant, they do not introduce any new weak phases and are less than 25% of the SM penguin contribution to the amplitude [61] . We find that the variation of the penguin coefficients with N ef f is considerably larger than this.
The a i coefficients were calculated numerically by taking as input the 2-σ allowed values of η and η ′ from the previous section, and running the Wilson coefficients down to µ = 2.5, 5.0
GeV. From these we calculate S φK , and the B → φK s branching ratio. This helps to reduce the theoretical uncertainty due to the sensitivity of the amplitude to variations of N ef f . Using (61) and the input parameters f φ = 0.233 GeV, F 
The range of S φK obtained for N ef f = 2, 3, . . . 10 is shown in Figure 11 , and is plotted against the branching ratio. CLEO, BABAR, and BELLE have recently measured this branching ratio [62, 63, 64] , and the average of their results is B(B 0 → φK 0 ) = (7.7 ± 1.1) × 10 −6 . We find that a range 0.2 S φK 1.0 can be explained by FCNC's in this model while simultaneously accommodating semi-leptonic B decay and B → φK branching fraction data at the 2-σ level. While the shift in S φK from FCNC's is not large enough to completely explain the current experimental value, it is still significant, and reduces the discrepancy to below 2-σ. A strong phase δ in the new physics relative to the SM would only decrease the range of S φK [65] . Setting δ = π gives a result similar to that displayed in Fig. 11 . The result shows a strong dependence on the renormalization scale, µ, as well as the effective number colours, N ef f due to sensitive cancellations between terms in the amplitude. While this situation would be improved by adding higher order corrections, we do not expect such terms to change these general conclusions. The above result is more constraining than the one obtained in Ref. [66] , in which the effect of a vector-like pair of singlet down quarks on S φK was considered. As we have done here, these authors investigate the range of S φK that can be obtained from the sZb vertex that is induced by vector-like down quarks. Our results should reduce to theirs in the limit η ′ → 0, which corresponds to considering only the flavour mixing effects due to the singlets.
S
By the same reasoning, the range of S φK should be greater in the present model since even more flavour mixing is possible. Instead, these authors find a larger range for S φK than we have obtained. One of the possible sources of discrepancy between our analysis and the one in Ref. [66] resides in our use of a more stringent quantitative analysis of the constraints coming from the semileptonic B-decays. Another source appears to be their inclusion of the "colour-suppressed" operators (s β b α ) (V −A) (s α s β ) (V ±A) at tree-level. While such operators do arise from QCD corrections to the sZb vertex, all tree-level effects may be described by the "colour allowed" operators (s β b β ) (V −A) (s α s α ) (V ±A) .
Conclusion
We have investigated the phenomenological properties of Beautiful mirrors, an extension of the Standard Model consisting of additional vector-like "mirror" quarks with the same quantum numbers as the SU(2) quark doublet and down quark singlet in the Standard Model. These exotic quarks mix with the bottom quark resulting in a modified value of the right-handed bottom quark coupling to the Z gauge boson, in agreement with indications coming from the precision electroweak data. A good fit to the precision electroweak data also demands that the additional quarks have masses lower than about 300 GeV implying a rich phenomenology at the Tevatron and LHC Colliders, as well as a possible impact on the CP-violating observables measured at the B-factories. In addition, the unification of gauge couplings is greatly improved within the model.
In this article we have provided a detailed analysis of the question of gauge coupling unification. We find that the gauge couplings unify at M G = (2.80 ± 0.15) × 10 16 GeV. Perturbative consistency and stability of the model restrict the possible values of the masses of the Higgs and the mirror quarks. The allowed range, m h = 170 ± 10 GeV, overlaps with the range of values of these parameters which give the best fit to precision electroweak data [6] . Flavour mixing due to the mirror quarks leads to right-handed Z couplings, a very small loss of unitarity of the CKM matrix, and FCNCs. The flavour mixing also modifies the coupling of the b and ω quarks to the Higgs, while the couplings of the other quarks to the Higgs are not changed significantly. This has some interesting implications for Higgs searches at the Tevatron. In particular, the required luminosity for a Tevatron or LHC Higgs discovery in the W W decay mode, as well as in the τ + τ − mode at the Tevatron and the γγ mode at the LHC, is greatly reduced within this model. We have analyzed the search for mirror vector quarks at the Tevatron collider, and have found that Run II with a total integrated luminosity of about 4 fb −1
will be able to test all of the mirror quark mass range consistent with electroweak precision data. Finally, the b → s FCNCs which arise in this model can help explain the discrepancy between the values of sin(2β) measured in the B → φK and B → J/ψK decays.
